Summary. Red color of two strains of 'Delicious' apples was increased (25%) by a 10-day delay beyond recommended harvest date for long-term controlled atmosphere (CA) storage. Soluble solids content (SSC) and size also increased, but, depending on strain, up to 12% of firmness was lost at harvest with a 10-day delay. In 2 of 3 years, firmness values in all strains were 73 N or greater, and these fruit lost little firmness during 9 months of CA storage. Soft fruit (<63 N) at harvest resulted in unacceptable firmness after storage, regardless of harvest time or strain of 'Delicious'. Immediate (<24 h) establishment of CA conditions resulted in good-quality fruit after storage. Quality loss was evident after a 5-day delay in atmosphere establishment, with no further loss after a 10-day delay. 'Oregon Spur' apples had the best red color regardless of harvest. Sensory panel profiles were unable to distinguish among strains, harvest dates, or delays in time of atmosphere establishment. Caution should be exercised when initiating new harvest or storage procedures because growing conditions can vary from one location to another.
Summary. Red color of two strains of 'Delicious' apples was increased (25%) by a 10-day delay beyond recommended harvest date for long-term controlled atmosphere (CA) storage. Soluble solids content (SSC) and size also increased, but, depending on strain, up to 12% of firmness was lost at harvest with a 10-day delay. In 2 of 3 years, firmness values in all strains were 73 N or greater, and these fruit lost little firmness during 9 months of CA storage. Soft fruit (<63 N) at harvest resulted in unacceptable firmness after storage, regardless of harvest time or strain of 'Delicious'. Immediate (<24 h) establishment of CA conditions resulted in good-quality fruit after storage. Quality loss was evident after a 5-day delay in atmosphere establishment, with no further loss after a 10-day delay. 'Oregon Spur' apples had the best red color regardless of harvest. Sensory panel profiles were unable to distinguish among strains, harvest dates, or delays in time of atmosphere establishment. Caution should be exercised when initiating new harvest or storage procedures because growing conditions can vary from one location to another. C olor is a major consideration for grade determination of 'Delicious' apples. During many growing seasons, fruit often will reach maturity prior to obtaining good color. Once harvested, it may take 14 to 21 days before fruit can be stored and controlled-atmosphere (CA) conditions properly established. The primary reason for the delay in CA is the older styles of CA equipment. The present State of Washington CA law (WAC, 1989 ) allows up to 20 days to establish an oxygen level of 5% after sealing the room. This delay between harvest and establishment of CA can result in fruit quality loss during longterm CA storage.
Proper harvest maturity for longterm CA storage of 'Delicious' apples has been a major concern since the initiation of CA storage (Kidd and West, 1933) . A balance between fruit maturity and the maximum color attainable has long been a consideration of when to harvest 'Delicious' apples for long-term storage. As a consequence, a program was developed in Washington to aid growers in the assessment of maturity for proper harvest, depending on length of estimated storage time (WAMP, 1986 (WAMP, , 1993 . Several reports (Blanpied and Silsby, 1980; Lau, 1985; Lau and Looney, 1982; Lau et al., 1983; Meheriuk and Pruitt, 1973; Blanpied, 1963, 1965) indicated that the more rapid the establishment of the atmosphere, the better the quality of the fruit after long-term storage.
Most previous research on the effect of CA storage on fruit quality was conducted using static-type CA systems that required days to weeks to establish the storage atmosphere. With new technology, such as the purgetype CA systems, storage atmosphere now can be established in <24 h. Dilley (1993) and Gast (1993) both reported that loss in fruit quality decreased using purge-type CA compared to statictype CA systems. Dilley (1993) suggested that fruit quality was maintained due to the flushing action of purge-type CA in removing volatile organic compounds from the atmosphere. There is very little information available on the effects of purge-type CA storage systems on fruit quality in long-term CA storage.
Because a storage atmosphere now can be established in a matter of hours using the purge-type systems, it may be possible to delay fruit harvest to take advantage of enhanced color development and maturity without major loss of overall quality. Therefore, the purpose of this study was to determine if enhanced fruit color could be obtained with a delayed harvest time and quality could be maintained with the use of the rapid purge-type CA systems.
Materials and methods
'Bisbee', 'Red Chief', and 'Oregon Spur Delicious' apples were harvested at commercial maturity (WAMP, 1986 (WAMP, , 1993 for long-term storage (harvest I) and after a 10-day delay (harvest II) in 1990 and 1991. In 1992, apples were harvested only at commercial maturity. Apples were harvested over three crop years from the same orchard block containing all three strains of 'Delicious' apples located in the vicinity of Wenatchee, Wash. Four individual trees with a uniform crop load were selected, for each strain, for a total of 12 trees. Fruit from each tree was kept separate and trees were used as replications.
At each harvest, 70 apples of uniform size were harvested from each tree. Maturity was assessed immediately after each harvest on 10 apples, and the remaining 60 apples were divided into three groups of 20 each. Fruit were placed immediately (<4 h) in refrigerated storage at 1C.
In 1990 and 1991, CA was established in <12 h on one group of fruit, after 5 days for the second group, and after 10 days for the third group. In 1992, fruit was divided into two groups at recommended commercial harvest, and CA was established after 10 or 15 days in refrigerated storage.
CA (1% O 2 ; 1% CO 2 ) was maintained with a computer control system (Technical Consulting Services, Chelan, Wash. tion System (Generon, Houston, Texas). Apples were evaluated for quality after 9 months in storage and again after an 8-day ambient temperature storage. Quality analysis consisted of evaluating external and internal color, firmness, soluble solid content (SSC), titratable acidity, carbohydrates, visual observations for defects, and sensory attributes.
External and internal color was determined with The Color Machine (Pacific Scientific, Silver Spring, Md.) using the Hunter "L," "a," "b" system and calculated hue values (Hunter and Harold, 1987) . Three evaluations for each apple were used for external color and one evaluation for internal color. Firmness was determined with the TA-XT2 Texture Analyzer (Scarsdale, N.Y.) equipped with a 1.1-cm probe. The values were reported in newtons (N). Two evaluations were used for each apple (side exposed to the sun was avoided) for firmness determination. SSC, titratable acidity, and carbohydrates were determined from an aliquot of expressed juice of a longitudinal slice from each of 10 apples. An Abbé refractometer with a sucrose scale calibrated at 20C was used to determine SSC. Titratable acidity was measured with a Radiometer titrator, model TTT85 (Radiometer, Copenhagen). Acids were titrated to pH 8.2 with 0.1 N NaOH and expressed as percent malic acid. Carbohydrates (sucrose, glucose, fructose, and sorbitol) were determined by the HPLC procedure described by Bio-Rad (Bio-Rad, Richmond, Calif.). Physiological defects were assessed by the visual assessment of two individuals familiar with apple storage problems.
Sensory analyses were performed by a panel of seven judges from Tree Top, Inc. (Selah, Wash.) that had been trained in apple juice flavor attributes, as described previously (Drake et al., 1993; Meilgaard et al., 1978a Meilgaard et al., , 1978b . Samples were prepared as described previously (Drake et al., 1993) , with the following changes. Each treatment represented seven or eight apples selected at random that were quartered and juiced through a Champion Juicer (Plastaket Mfg. Co., Lodi, Calif.). Four juice samples were presented at random to each panelist, one at a time, in individual booths, for flavor attribute evaluation. Evaluation sessions were limited to 2 h or less.
Analysis of variance (ANOVA) for quality data was determined using a factorial design. Based on significant F test, means were separated by the Waller-Duncan test. Evaluation results of the panel flavor attributes from the three 'Delicious' strains were grouped to produce a profile for each harvest (commercial and date) each time a CA storage was established (<12 h; 10 days after harvest).
Results and discussion
A delay of 10 days after the recommended harvest date (Wamp, 1986 (Wamp, , 1993 for long-term CA storage improves apple quality to an appreciable degree (Table 1) . Although 'Oregon Spur' apples lost some firmness (4.5%) following a 10-day delay in harvest, SSC and weight both increased by 9% and 13%, respectively. Harvest delay did not increase red color for 'Oregon Spur' apples. Firmness of 'Bisbee' and 'Red Chief' apples declined 10% to 12% from one harvest to the other. However, SSC and weight increased during the 10-day delay, and there was a marked increased in red color for the two strains of 'Delicious' apples.
In 2 of the 3 years, good-quality fruit was available on both harvest dates. In one year, however, fruit was of poor quality, regardless of harvest date (Table 1) . At the beginning of harvest in 1992, fruit firmness of 'Oregon Spur' was barely high enough to meet the 53 N required to meet export standards (WAC, 1990) . SSC during the 1992 harvest season was high and fruit size was very large. Hue color values were lower during the same time period in 1992 than in previous years, particularly for 'Oregon Spur' apples. Apples grown during the 1990 or 1991 season were of good quality for long-term storage. Apples grown during the 1992 season were marginal in quality for long-term storage.
Apples of good quality prior to storage maintained quality after 9 months of CA storage regardless of harvest date (Table 2) . Although goodquality apples lost some firmness (<10%) during storage, this loss was minimal and did not result in unmarketable fruit under Washington requirements (WAC, 1990) . Fruit lost firmness by 0.7 N between immediate CA establishment (<12 h) and a delay of 5 days, and only 1.1 N after a 10-day delay.
Harvesting 10 days later than recommended (WAMP, 1986 (WAMP, , 1993 for color improvement resulted in a significant loss of 6.4 N in firmness, but even these fruits had firmness values 40% higher than the minimum Washington requirement of 53.4 N.
The 'Delicious' strain placed in CA storage had some influence on firmness after storage. The difference in firmness between the strains would Table 1 . Harvest quality of three strains of 'Delicious' apples at commercial harvest for longterm storage and after a 10-day delay over three crop years. not be considered of commercial importance, particularly between 'Oregon Spur' and 'Bisbee' (1.4 N), but may have commercial importance when the difference between 'Oregon Spur' and 'Red Chief' (3.2 N) is considered. Enhanced red color for 'Bisbee' and 'Red Chief' was obtained with a 10-day harvest delay (Table 1) , and this improved color was present after long-term storage (Table 2) . Fruit harvested later was darker in color, with more intense red after 9 months of storage than fruit harvested at the date recommended for long-term storage. The longer the delay in the establishment of CA after harvest, the greater the loss in Hunter "L" values, resulting in a darker-colored fruit. Hunter "a" values indicate a redder apple if CA establishment is delayed 5 or more days. A redder fruit as a result in the delay of CA also is indicated by smaller hue values. This difference is not clear in that there were color differences only between immediate CA establishment and a 5-day delay, but no difference is evident between immediate CA establishment and a 10-day delay.
Soluble solids External color (Hunter values)
'Oregon Spur' had more red color at harvest (Table l) and after storage (Table 2) than either 'Bisbee' or 'Red Chief'. There was no color difference between 'Bisbee' and 'Red Chief' at harvest or after storage.
Fruit removed from storage and held at 20C for 7 days had higher Hunter "L" values, or lighter color, than fruit immediately out of longterm CA storage. After 7 days of ambient-storage, fruit developed lower Hunter "a" values.
Delay in CA establishment of 10 days resulted in a slight increase in SSC (Table 2 ). This increase in SSC is so slight as not to be detectable by the consumer, particularly when there was no change in titratable acidity. There was no change in the SSC of fruit due to harvest delay, but there was a distinct drop in titratable acidity. 'Bisbee' was higher in SSC than 'Red Chief' to a degree that it would make a difference to the consumer or juice processor. SSC of 'Oregon Spur' apples was intermediate, but not different from 'Bisbee' or 'Red Chief'. The titratable acidity of these three strains was very similar, with no detectable difference.
The strain, harvest date, and time when CA was established had a strong influence on the amount of scald present after long-term storage (Table  2) . 'Oregon Spur', which had redder color at harvest, developed less scald during storage than either 'Bisbee' or 'Red Chief'. After storage, all three strains of 'Delicious' showed significant amounts of scald. The 'Bisbee' strain developed 48% scald compared to 36% for 'Red Chief' and 24% for 'Oregon Spur'. Later-harvested fruits not only had more red color development, but also had less scald development after storage. A rapid establishment of CA (<12 h) did prevent some scald development. If the establishment of CA is delayed beyond 5 days after harvest, no difference in the amount of scald developed can be attributed to the time of CA establishment.
Poor-quality fruit at harvest results in very poor quality after longterm storage (Table 3 ). The 1992 growing season in Washington was extremely hot, with little night cooling for color development late in the season. As a result of these growing conditions, when 'Delicious' apples finally reached acceptable standards for color and SSC, firmness was already close to minimum (WAC, 1990) . After CA storage, none of the fruit from 1992 met the minimum firmness standard 53.4 N).
A 10-to 15-day delay after harvest to establish CA is not uncommon. Even after a 10-day delay in CA establishment and 9 months of storage, fruit firmness can be acceptable (75 N) if apples have a good firmness at harvest. The firmness value 75 N (Table  2) for apples harvested in 1990 and 1991 with a 10-day delay in CA is 46% higher than the fruit from the 1992 season when CA establishment was delayed 10 days (Table 3) . During the 1992 season, 'Delicious' strains had no influence on firmness, and all three strains had similar unacceptable (57.4 N) firmness levels. Immediately after removal from storage, average firmness levels (53.9) met minimum standards, but, after 7 days, ambient storage fruit firmness (47.8 N ) did not meet the minimum standard.
Color was very poor for fruit from the 1992 season, and was not influenced by either CA delay or the strain of 'Delicious' used. There was a slight increase in Hunter "a" values between a 10-and 15-day CA delay and among the three 'Delicious' strains, but no difference was noted for hue, and it would not be detectable by the consumer. The amount of scald present for fruit from the 1992 season was extremely high (82%) after storage, regardless of the time for CA establishment. 'Red Chief' displayed less scald development after storage than either 'Oregon Spur' or 'Bisbee', which is contrary to the scald development during previous seasons ( Table 2) .
Delay of CA establishment had no influence on the amount of su- Table 2 . Quality attributes of 'Delicious' apples after 9 months of controlled-atmosphere storage when harvest quality was good (1990 and 1991). crose, glucose, or sorbitol present after long-term storage (data not shown).
Delay of CA resulted in reduced levels of fructose and total carbohydrates than were present after storage. There was also an increase in SSC after a CA delay of 10 days (Table 2) . A delay in harvest increased sucrose, sorbitol, and total carbohydrates. Neither glucose nor fructose were influenced by harvest date. The amount of individual and total carbohydrates found in the different 'Delicious' strains was dependent upon the year harvested. The 'Bisbee' strain had higher individual and total carbohydrates than either 'Oregon Spur' or 'Red Chief'. Variability between strains and years, however, masked any distinct differences. There was very little difference in the average flavor profile of apple juice produced from the 'Delicious' strains after long-term storage (data not shown). With no delay in CA establishment, there was a slight decrease in raw apple flavor intensity of the juice from the first harvest. There was a decrease in ripe apple intensity of apple juice from the first harvest with a 10-day delay in CA compared to the juice from either harvest with no delay in CA. There were no differences in other taste attributes, such as aroma, mouthfeel, and aftertaste, among the juices of fruits from the various 10 harvest and storage delay treatments. Sensory panelists noted no difference in apple flavor profiles between 'Oregon Spur', 'Bisbee', or 'Red Chief' apples.
Depending on the strain, color of 'Delicious' apples improves with delay in harvest. In a year when fruit quality is high, a delay in time of harvest of 10 days enhanced color with no loss in storage quality, regardless of the time of CA establishment. In a poor-quality year, minimum quality standards are difficult to maintain. Early harvest and immediate CA establishment do not deter quality losses. Use of purge-type CA systems can help maintain good quality apples during long-term storage. This was a limited study, and it is strongly suggested that caution be exercised when initiating new handling and storage procedures. Table 3 . Quality attributes of 'Delicious' apples after 9 months of controlled-atmosphere storage when harvest quality was poor (1992 
